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Abstract—Heavy ion beam driven inertial fusion requires short
ion beam pulses with high current and high brightness. Depending
on the beam current and the number of beams in the driver system,
the injector can use a large diameter surface ionization source or
merge an array of small beamlets from a plasma source. In this
paper, we review the scaling laws that govern the injector design
and the various ion source options including the contact ionizer,
the aluminosilicate source, the multicusp plasma source, and the
metal vapor vacuum arc (MEVVA) source.

Index Terms—Alumino-silicate source, electrostatic quadrupole
(ESQ), injector, ionizer, ion source, merging beamlets.

I. INTRODUCTION

THE CONCEPT of heavy ion beam driven inertial fusion,
commonly called heavy ion fusion (HIF), is to use ion

beams to deliver high intensity pulsed power to a small target
containing deuterium and tritium [1]. In order to have a small
focal spot, the emittance must be low. Thus, the research goal in
developing ion sources and injectors for HIF is to produce high
current ion beams with high brightness. The choice of ions is
not very important as long as it has the right mass.

For a typical 5-mm-diameter target, the required beam energy
is about 3–7 MJ to be delivered within a pulse length of 10 ns,
so the corresponding beam power is about . When ap-
plying pulsed power to a fusion target, the energy must be de-
posited near the surface layer in order to achieve implosion. This
desirable penetration range is 0.02–0.2 of the target ma-
terial. For heavy ions with atomic mass near 200, the allowable
kinetic energy is 10 GeV. At this beam energy, the required
beam charge for acceleration to produce the deposited energy
is about 1 mC. Lighter ions need less kinetic energy but more
current (or charge) in order to deliver the same power.

If the beam pulse length is 10 ns, it takes 100 kA to deliver
1 mC of charge. Traditional accelerators can produce high cur-
rent by using storage rings, but this method is viewed as being
too costly. The other approach, which is adopted by the USA,
is to use induction linacs [2]. These two approaches have very
different requirements on the ion sources. For storage rings, the
beam charge can be obtained using traditional low current, long
pulse sources, whereas ion sources for induction linacs are re-
quired to produce high current in short pulses.
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An induction linac can compress the ion beam during acceler-
ation. For example, a pulse length of 10 000 ns at the injector
can be reduced to 300 ns by the end of the accelerator and
then further drift compressed to 10 ns by the time it reaches
the target. The starting beam current at the ion source is about
50–100 A (more for lighter ions). In order to keep the space
charge problem (associated with high current heavy ion beams)
under control, a full HIF driver system is envisioned to contain
an array of 100 parallel ion beam channels at 0.5 A each.
Even at this level, the HIF injector is characterized by its prop-
erties of simultaneously high current and high brightness.

The beam brightness is proportional to , where is the
current density and is the effective ion temperature. Ideally,

can be related to the beam’s normalized 4 root mean square
emittance according to the equation:

where is the beam radius and is the ion’s rest mass energy.
High brightness demands either high current density and/or low
ion temperature. High average current density also results in
small beam line cross section and, therefore, minimizes the size
of the induction cores.

Although heavy ions with mass 100 are ultimately needed
for fusion drivers, lighter ions such as and are useful
because they allow experiments at low energy during the early
development phases. High charge state ions are desirable if they
can be made without mixing several charge states together.

Energy spread results in chromatic aberration at the final fo-
cusing lens system. Large energy spread also limits the lon-
gitudinal beam compression for achieving high current. One
common origin of energy spread is due to resonance charge ex-
change occurring in the region just outside the ion source aper-
ture where the gas pressure is significant. Thus, HIF sources re-
quire low pressure.

Table I shows the typical parameters of a HIF injector. These
numbers may vary depending on the actual ion mass, charge
state, and other system design parameters. Some numbers such
as the charge state purity, current profile uniformity, and energy
spread are simply today’s best guesses and have not been fully
analyzed.

II. BEAM EXTRACTION AND TRANSPORT PHYSICS

The options for ion sources are closely coupled to the beam
transport limitations in the injector. In this section, we briefly
discuss the scaling laws governing the transport physics.
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TABLE I
HIF INDUCTION LINAC DRIVER ION SOURCE AND INJECTOR SPECIFICATIONS

All electrostatic devices are governed by the “three-halves
scaling law” [3]

(1)

where is the current density, is the applied voltage, and is
the characteristic length of the system. The most common place
to apply this scaling law is in space charge limited flow regions
where the current is self-adjusting, e.g., in an extraction diode.
If the dimensions are fixed and all the voltages applied to the
electrodes (including the initial kinetic energy of the charged
particles) increase by the same factor , then the particle trajec-
tories remain identical as long as the current density is increased
by the factor . The current will also increase by the same
factor as the current density. The time of flight is decreased by
the factor .

In another situation, if all the voltages in the system are fixed
but the dimension is increased by a factor , then the particle
trajectories remain similar as long as the current density is de-
creased by the factor . The current, which is the product of
current density and area, remains unchanged. The time of flight
is increased by the factor .

The two factors can be combined by varying both the dimen-
sion and the voltage together (in order to avoid breakdown).
Usually when applying the scaling law, the current remains
space charge limited, and the ion kinetic energy is proportional
to beam voltage. The ions’ thermal energy and contact potential
at the emitting surface are usually ignored if they are much
smaller than the extraction voltage.

The maximum value of that can be applied to a device is
limited by voltage breakdown, so an important rule to consider
here is how the breakdown threshold scales with dimension [4],
[5]. For a 1-cm gap, the typical maximum operating voltage is
about 100 kV. For gaps shorter than 1.0 cm, scales linearly
with distance, whereas for larger gaps 1 cm, typical of HIF
applications, is approximately proportional to the square root
ofdistance. Ineithercase,andaccording to(1),wefind thecurrent

densitydecreaseswith increasingsize.Thenonlinearrelationship
is especially unfavorable to high current systems that requirevery
high voltages and, therefore, need very large gaps.

The extraction diode can be approximated as a plane parallel
space-charge-limited flow. Its current density is governed by the
Child–Langmuir relationship

(2)

where is called the Child–Langmuir
constant, with and being the charge and mass of the ions,
respectively, is the effective extractor gap length, and is the
extraction voltage. This equation is a special form of (1).

For a circular aperture with radius , and ignoring any curva-
ture of the emitting surface, the extracted beam current is given
by

(3)

The aspect ratio is an important geometric parameter af-
fecting the beam optics. Typically, the aspect ratio is kept to
less than 0.5 in order to prevent spherical aberration at the beam
edge, so the maximum beam current of a diode with good op-
tics is determined only by the extraction voltage and does not di-
rectly depend on the actual diode size. In practice, the beam cur-
rent increases with diode size because a larger diode can with-
stand higher extraction voltage, but as mentioned above the cur-
rent density decreases with size.

Following the extraction diode is the low energy beam
transport (LEBT) section. In a typical ion gun and Einzel
lens, the current density also decreases with increasing size.
Furthermore, their focusing capability diminishes as the beam
gains velocity. Thus, at sufficiently high beam energy, e.g.

1 MeV, quadrupole focusing will be used for high current
beam systems; this is the case for heavy ion fusion drivers.
For an electrostatic quadrupole (ESQ) channel, the maximum
transportable beam current density can be written as [6]

(4)

where is the voltage across the quadrupole electrodes, is
the beam energy, and is the ESQ bore radius. Here, the ESQ
focusing capability increases with beam velocity (with corre-
sponding increase in the lattice period), thus making it an effec-
tive beam transport device at medium beam energy.

III. HIF INJECTOR DESIGNS

As mentioned in the introduction, the HIF driver system con-
tains a large array of parallel ion beam channels
with each channel carrying about 0.5 A of beam current. For
an ion mass of 100, the space-charge potential of this beam is
equivalent to that of a 5.0-A proton beam. So far, the traditional
approach for single-beam HIF experiments is to use a large di-
ameter surface ionization source that is capable of producing
current 0.5 A (without requiring combining beams). However,
we are currently developing a new gas plasma source system to
replace the surface source. We will discuss both types of ion
sources in the following sections.
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Fig. 1. Simulation of a 1.6-MV, 0.5-A ion gun with a 14-cm-diameter K
surface ionization source (reprinted from [8] with permission of Elsevier).

Examples of other applications that have larger beam current
are the deuterium neutral beam injectors used in tokamaks (mag-
netic fusion devices) and the xenon ion propulsion systems used
in spacecraft. In both cases, a plasma ion source is fitted with
an extraction grid containing multiple small apertures to form a
large number of beamlets. The beamlets are allowed to merge
into a single beam upon leaving the accelerator. While the beam
current can be large in such systems, the brightness is limited by
two factors. First, the average current density of the system is
much lower than that of an individual beamlet (by the factor of
grid transparency) and second, the merging process will cause
emittance growth. In order to overcome these disadvantages, the
individual beamlets must start with high brightness.

From a system point of view, the optimum choice of an ion
source is the one that will result in a cost-effective injector. At
about a few hundred milliamperes and considering only a single
beam, a large surface ionization source is the preferred choice.
However, for much higher current or when considering a large
number of beam channels for HIF, the method of merging high
current density beamlets is preferred because it has a higher av-
erage current density and consequently allows a more compact
injector design.

A. Large Diameter Source Approach

Fig. 1 shows the computer simulation of a 1.6-MV ion gun
with 0.5-A current. Since the beam size at the ion gun exit is
much larger than that required in the ESQ channel in the induc-
tion linac, an ESQ matching section is needed. A preliminary
design of an 84-beam injector system based on the large diam-
eter source approach was reported by Kwan et al. [7]. The array
of beams was arranged in such a way that neighboring beams
could share common ESQ electrodes. However, due to the fact
that the average current density emerging from the ion source
array was much smaller than would be required for a practical
ESQ channel in the linac, the design adopted a funnel shape to
match the difference in size at both ends. Beams in the matching
section are gradually compressed to smaller radii and also must
be steered toward the axis using long ESQ channels. Fig. 2 is a
schematic diagram of the outer-most beam line in the array.

The main issues with this design are due to the complexity
caused by beam steering and the large size. For a given electric
field, the stored energy increases linearly with electrode size,
therefore, the very large size raises concerns about high voltage
breakdown damage. For most electrode material, the stored en-
ergy that can cause damage during a voltage breakdown is a
few joules. For safety, large electrodes must be kept at a lower
voltage gradient. Naturally, cost also increases with size as well.

Fig. 2. Schematic diagram of the outermost beam line in an 84-beam array
injector using large diameter surface ionization sources (used with permission of
[7] J. W. Kwan, et al., “A multiple-beam injector for heavy ion inertial fusion,”
Proc. Particle Accel. Conf, vol. 3, p. 1937, 1999 © IEEE).

Fig. 3. Conceptual injector design based on merging a large number of
beamlets (top picture is on x–z plane at y = 0 and bottom picture is on
y–z plane at x = 0) (reprinted from Nucl. Instrum. Methods Phys. Res. A, J.
W. Kwan, et al., “Ion sources and injector experiments at the HIF/VNL,” p.
134–141, (2005), with permission of Elsevier).

In considering the development path for HIF, it is clear that a
more compact injector design is needed.

B. Merging Multibeamlets Approach

In the merging multibeamlets approach, the high current den-
sity beamlets are kept separated from each other by the accelera-
tion grids. After preacceleration to reduce the charge density, the
beamlets are merged together to form a high current beam (e.g.,

0.5 A). The final beam brightness depends on the emittance
of the merged beam. Fig. 3 is a schematic diagram of an injector
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Fig. 4. Beam envelopes in x–z and y–z planes showing an elliptical
arrangement of beamlets allows the merged beam to be exactly matched into
an ESQ channel (used with permission of [10] D. P. Grote, et al., Phys. Rev.
Special Topics Accel. Beams 6 (2003) 014202).

based on this concept. The total length from the ion source exit
to the end of the merging/matching section is about 1.0 m. With
a high enough average current density, the injector’s transverse
dimension can match that of the ESQ channel, so the system is
not funnel-shaped. Comparing the two approaches (Figs. 2 and
3), we find that the merging beamlet method can be up to six
times smaller in size [8].

An innovative way to match beams into an ESQ channel is
to start with an elliptical pattern of beamlets such that the final
beam spot is an ellipse with the proper matching envelope diver-
gence. The matching section, as shown in Fig. 4, is very short,
with minimal beam envelope excursion.

The emittance growth in merging beamlets is minimized
when the beamlet energy is high, the number of beamlets is
large, and the beamlets are close to each other [9]. Recent
computer simulations by Grote [10] further show that the final
emittance also depends on the initial beamlet convergence
angle (best at around 2 to 4 mrads) and ion temperature.
Nevertheless, the ion temperature dependence is weak, and
thus ion sources with high ion temperature can be used as long
as the average current density remains high. Fig. 5 shows the
evolution of a 91-beamlet array in configuration space and
phase space as produced in simulation. The and emittances
(4 rms) initially rise to different values because of the elliptical
shape but later come to an equilibrium value (average between

and emittance) of about 1.0 -mm-mrad after a few unde-
pressed betatron periods (about 10-m distance). The beam halo
produced by this process is about 1%.

IV. SURFACE IONIZATION SOURCES

Until now, the surface ionization source is the type used in al-
most all HIF experiments. Therefore, more detailed descriptions
on these ion sources are provided here. The surface ionization
source is ideal for designing beams with minimum aberration
and fast rise time because the emitting surface is a well-defined
solid boundary. A large diameter surface ionization source can
achieve large current even if the current density is modest. The
two main types of surface ionization sources for HIF application
are contact ionizers and aluminosilicate sources, both operate at

Fig. 5. Multiple (91) beamlets merged in configuration space (left column) and
phase space (right column) at various z locations (used with permission of [10]
D. P. Grote, et al., Phys. Rev. Special Topics Accel. Beams 6 (2003) 014202).

around 1300 K. If the beam temperature from a surface ioniza-
tion source is due only to the thermal temperature of the emitted
ions, then these 0.1-eV ions can produce a very bright beam.

A. Contact Ionizers

1) Basic Principles of Contact Ionizers: The definitive work
on contact ionization was published by Taylor and Langmuir
in 1933 [11]. Contact ionization is due to quantum tunneling
of an electron between the metal’s Fermi level and an atom’s
electron cloud. As an atom desorbs from a metal surface, it is
more likely to become an ion if the atom’s ionization potential is
lower than the metal’s work function. Thus, surface ionization
is only effective in generating singly ionized alkali ions such
as cesium and potassium. The equilibrium ratio of ion flux
to neutral flux departing from the surface is given by the
Saha–Langmuir equation

(5)

where and are the weighting factors, is the work func-
tion, and is the ionization potential. For the case of cesium ions
emitted from a tungsten surface, , ,

and , therefore, we find at
. Iridium is even better than tungsten because of

its higher work function.
An optimum alkali metal coverage on the tungsten surface,

typically at the level of a fraction of a monolayer, will lower
the tungsten work function, thus enhancing ion emission. For
high current, the emitter must be at high temperature to elevate
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the desorption rate. Unfortunately, according to the above equa-
tion, the ratio is low when the temperature is high. This
means that high current sources will inherently have significant
evaporation of neutral atoms. For example, at temperature near
1500 K, the cesium current density can approach 50
while the neutral fraction is more than 1%. For most dc appli-
cations, the neutral atom emission is negligible, but this is an
important issue for HIF because an ionizer will continuously
evaporate neutrals (at a steady temperature) even though the ion
beam duty factor is less than .

2) Contact Ionizer Construction: A great deal of cesium
ionizer technology was developed for early ion propulsion
thruster concepts [12]. It was found that sintered porous tung-
sten can produce large emitters more effectively than solid
tungsten. The porous material provides a convenient way to
continuously feed alkali metal vapor from the back side to the
front side through diffusion. The drawback is that the porous
tungsten emits at a lower current density than solid tungsten (at
a given temperature) and has a high neutral fraction. Typical
porous tungsten material used for ions sources has an 80% solid
tungsten density and the tungsten spheres are usually 2–10 m
in diameter [13].

The emitter can be heated either by using heater wire
(filament), or by electron bombardment. The most common
heater wires are made of tungsten or molybdenum. Heat shields
are necessary to minimize radiation heat loss and to keep some
components from overheating. In particular, the temperature
of the Pierce electrode should be kept low in order to prevent
ion emission from the surface of this electrode. Tantalum
should be avoided in the heater package because the material
is too reactive in case of air or water leaks. Heating up and
cooling down of the surface ionization source should be done
slowly (up to an hour for a 17-cm-diameter source) to avoid
thermal shocks.

The most straightforward way to apply cesium is to use a
nozzle to spray cesium vapor from the front side. The nozzle
temperature must be above 600 K in order to keep the cesium
in the vapor phase. A rear-feed system has a manifold behind
the emitter and is connected to a cesium reservoir via a heated
tube. Special brazing or -beam welding is required to join the
manifold to the porous tungsten emitter without closing up the
pores. In steady state, the emitter is hot and cesium vapor con-
tinues to diffuse to the front side. A valve can be used to shut off
the cesium vapor flow at the tube but there is no known way to
stop cesium that is already in the manifold from diffusing to the
front except by cooling down the assembly. A common mode of
failure is blockage in the feed tube or pores. This can be a result
of contamination turning pure cesium into oxides with higher
melting temperatures.

One convenient way of loading a surface ionization source
with alkali metal for short-duration use is to soak it with an
aqueous solution of potassium or cesium carbonate. The car-
bonate decomposes at about 1000 K releasing carbon dioxide.
The alkali metal oxide left on the surface will slowly break down
at high temperature to provide alkali metal atoms. Initially, the
emitting surface will be oversaturated with alkali metal atoms,
but since the rate of desorption of neutral atoms from a saturated
surface is very high, it takes only a few hours for the doped

Fig. 6. J–V characteristics for a 2-cm-diameter cesium vapor ionizer. Typical
pulse length is a few microseconds, firing at about 0.1 Hz (used with permission
of Wiley-VCH, Weinheim, 2004).

source to reach steady state operation (with a desirable alkali
metal coverage). Normally, such a “doped” source is only good
for a few days of experiments.

3) Typical Ionizer Performance in HIF Experiments: Fig. 6
shows beam current density as a function of extraction voltage
for a diode using a 2-cm-diameter cesium vapor ionizer [14].
Typical pulse length was about 3-4 at 0.1 Hz. At the highest
temperature, the beam current density is space charge limited,
therefore the slope of the – curve in a log–log plot is 3/2 as
predicted from (2). At the maximum extraction voltage used for
that experiment, the beam current was 50 mA, corresponding to
15.9 .

At the lower temperatures with high extraction voltage, the
beam current became emission limited. The transition from
space charge limit to emission limit was gradual, possibly
because not the entire surface became emission limited si-
multaneously. In order to ensure predictable beam current and
therefore fixed beam optics, all HIF injectors that use surface
ionization sources are designed to operate in space charge
limited mode. In 1979, a 30-cm-diameter cesium contact ion-
izer developed for HIF application has produced up to 1 A of
cesium ion current [15].

B. Aluminosilicate Sources

1) Basic Principles of Aluminosilicate Sources: Alumino
silicate sources are thermionic emitters emitting ions from a
hot surface [16]–[18]. Like the electron thermionic emitters, in
the absence of electric field the emission current is governed by
the Richardson–Dushman equation

(6)

where is the current density and is the work function. With
strong electric field, the ion emission can be enhanced, mainly
due to a reduction in the work function. This phenomenon is
known as the Schottky effect in thermionic electron emission.
This concept of treating an aluminosilicate sourceas a thermionic
emitter is not exactly correct because the material is not a
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conductor and the work function is not well defined. Typically,
when the ion current density is found to scale according to the
Richardson–Dushman equation, an empirical work function
can be defined to fit the data. As ions are emitted from the
surface, the electrical potential will change unless there are
ions flowing from underneath the surface to fill in the potential
void. Thus, the empirical work function is an average quantity,
and the variation in work function across the surface may lead
to an higher effective ion temperature in comparison to the
actual thermal temperature (0.09–0.12 eV) of the emitter.

Assuming the ions are already present at the surface, they
can be liberated due to thermal agitation. The ion flow increases
if there is an electric field to pull the ions along. Experimental
data have shown that the neutral fraction in ion beams generated
from aluminosilicate sources is at least an order of magnitude
lower than in beams from contact ionizers [19]. The chemical
formula for aluminosilicate is , where
X is the desired alkali metal element such as Li, Cs, or K,
and n is an integer determining the type of aluminosilicate
crystals. For , 4, and 10, the corresponding analog
natural minerals are -eucryptite, spodumene, and mordenite.
The basic crystal structure of this material is silica with some
portion of the ions in the crystal replaced by ions.
Adding a loosely bound alkali ion compensates the electric
charge deficiency produced by this replacement. Since the silica
crystalline structure is very open with large tunnels, the alkali
ions can move freely making aluminosilicate a good ionic
conductor but not an electronic conductor.

2) Aluminosilicate Source Construction: In some ways, the
aluminosilicate source is superior to the contact ionizer because
it does not require a metal vapor feed system, does not critically
depend on the porosity of the tungsten substrate, and does not
evolve a lot of alkali metal vapor. Aside from the possibility
of slightly higher ion temperature (due to nonuniform work
function), the only major disadvantage of an aluminosilicate
source is that the total ion charge delivered during the source’s
lifetime is limited due to the limited amount of alkali ions
that can be chemically stored in the aluminosilicate material.
Examples of aluminosilicate source usage are in the areas of
ultra-high vacuum beam collision experiments, ion sputtering,
secondary ion mass spectrometer, and plasma diagnostics [20],
[21]. Aluminosilicate sources are suitable for near-term HIF
experiments because of the low duty rate requirements (
few microsecond per pulse and 0.1-Hz repetition rate).

The construction of an aluminosilicate source is basically the
same as an ionizer with an aluminosilicate coating. Commer-
cially available aluminosilicate sources are typically small in
diameter (e.g., 1/4 in) and their coatings are not very uniform.
In fabricating large sources, the aluminosilicate coatings often
have physical defects such as cracks and fractures, or have dif-
ficulty enduring many heat cycles. Recently, we have success-
fully advanced the technique of uniformly coating large sources
with diameter up to 10 cm and a spherical emitting surface (see
Fig. 7). The aluminosilicate layer is typically 0.25–0.5 mm thick
with no defects [22].

When preparing the aluminosilicate powder, aluminum
oxide, silicon dioxide, and carbonate of the alkali metal are sto-
ichiometrically mixed according to the type of aluminosilicate

Fig. 7. A photograph of a 10-cm-diameter aluminosilicate emitter with the
Pierce electrode (used with permission of J. W. Kwan “Beam optics of a 10-cm
diameter high current heavy ion diode”Proc. Particle Accel. Conf. Vol. 5, p.
3297, 2003, © IEEE)

required. The mixture is heated in an air furnace to chemically
react

(7)
After reaction, the aluminosilicate is ground to a fine powder
of 100–400 mesh size. By mixing the aluminosilicate powder
with a small amount of deionized water to form a “mud,” one
can spread a layer of aluminosilicate with fairly uniform thick-
ness on the substrate. After drying in air, the unit is placed in a
vacuum furnace at about 1800 K for sintering. There are some
key points to ensure a successful outcome. First of all, the tung-
sten substrate is etched to open up the pores. Secondly, fine alu-
minosilicate powder (400 mesh) should be used in this region in
order for the aluminosilicate to melt into the pores. This method
produces a good interface between the aluminosilicate and the
metal substrate, thus preventing future separation after many
heat cycles. Similar to the process of firing ceramics, the alu-
minosilicate mud must be air dried slowly to prevent cracking.
Furthermore, we found that it was better to use a mixture of
various powder sizes than just using the finest powder because
coatings made from the finest powder shrink too much.

3) Typical Aluminosilicate Source Performance: Fig. 8
shows typical – curves indicating how the maximum
beam current density varies with emitter temperature. At

, a current density of up to 80 of was
achieved (pulse length of a few and repetition rate of about
0.1 Hz) [19]. As the ions are depleted from the surface, the
beam current would drop over a long pulse, or if the repetition
rate were too high.

A 17-cm-diameter aluminosilicate source was developed for
a 2-MeV injector built for the ILSE/Elise project [23]. The in-
jector performance was satisfactory in meeting the specifica-
tions of 0.8-A ion beam with a normalized edge emittance

. Recently, the 17-cm source was replaced
by a 10-cm source to improve beam optics for the high cur-
rent transport experiment (HCX) [24], [25]. Experimental re-
sults were found to have good agreement with computer simu-
lations. A schematic diagram of the injector is shown in Fig. 9.
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Fig. 8. J–V characteristics of a fully activated potassium aluminosilicate
source (used with permission of Wiley-VCH, Weinheim, 2004).

Fig. 9. Schematic diagram of the HCX injector with a large diameter
aluminosilicate ion source (used with permission of J. W. Kwan “Beam optics
of a 10-cm diameter high current heavy ion diode”Proc. Particle Accel. Conf.
Vol. 5, p. 3297, 2003, © IEEE).

In summary, the surface ionization sources are frequently
used in many HIF experiments because they meet the require-
ments of high current, high brightness, low gas pressure, high
reliability, and are generally easy to use. However, this type
of ion source has some inherent disadvantages such as the
emission of alkali metal vapor into the accelerator, low power
efficiency (because the heater is on continuously), limited
lifetime, and low average current density for high current beam
transport. These are the motivations for us to look for better
ways to build ion sources for future HIF drivers even though
the surface sources may meet near-term single-beam HIF
experimental needs.

V. METAL VAPOR VACUUM ARC SOURCES

AND LASER ION SOURCES

One way of generating plasma is to use a high power density
spark discharge. Typical examples are the laser ion sources and
the metal vapor vacuum arc (MEVVA) ion sources. The main
advantage of these sources is low pressure (no gas required)
while the main disadvantage is mixed ion charge states. In a typ-
ical setup, a plasma plume is created by the discharge and the
flow is directed toward an extraction grid for beam formation.

Fig. 10. Current pulses from a MEVVA source taken at various radial positions
(reprinted from [31] with permission of Elsevier).

The velocity distribution of ions in the plume results in ion sepa-
ration at the end of a long drift distance. Usually ions with higher
charge-state acquire more kinetic energy and so they arrive early
at the extraction grid. As the plume expands transversely, the
plasma ions at the central region decrease in their transverse ve-
locity distribution; an effect that is good for making low emit-
tance beams if the plasma density across the extraction area is
still uniform. On the other hand, any unsteadiness of the plasma
plume can result in fluctuation of the beam-forming meniscus;
an effect that can cause large emittance.

In a MEVVA source, a cathode spot vaporizes the cathode
material to produce a plasma plume. Thus, the MEVVA source
can produce ions of conductive solids. The useful life time of a
cathode is about shots. For typical arc voltage and current
of 1 kV and 500 A, ion current density in the beam extraction
area can be in the tens of range. Early attempts to use
MEVVA sources for HIF [26], [27] found problems related to
noise, pulse-to-pulse reproducibility, and mixed charge states.
Recently, there are improvements in beam uniformities and re-
duced noise. For example, at GSI, the beam noise was signifi-
cantly reduced by directing the plasma plume to flow through a
pair of biased grids using a guiding magnetic field [28]. A strong
magnetic field applied near the cathode was found to enhance
the average charge state of ions in the beam. Increasing gas pres-
sure in the chamber and in the beam line also improved the beam
quality but at the expense of lowering the average charge state
[29].

In recent experiments [30], [31], a gadolinium ion beam was
produced at a current density of about 20 and was uni-
form to within 2% over a diameter of 60 mm (see Fig. 10). The
fluctuations were within 3% rms over a pulse length of 20 .
Among the various metals (Pb, Y, Gd, Ba) being tested, barium
was found to have the best charge state distribution for HIF be-
cause it contained more than 95% of 2+ charge state ions. A
simple explanation is that the ionization potential from to

is 34.45 eV which is many times higher than the 5.54 eV
and 10.00 eV for the first two levels of ionization. This charge
state distribution was obtained when the arc reached steady state
at 200 after the arc initiation. In general, there were more
high charge state ions and impurity ions at the instant when the
plume just arrived at the extraction grid and so the charge state
distribution was not as pure as that during later time. On a much
shorter time scale, strontium (Sr) was found to have a charge



1908 IEEE TRANSACTIONS ON PLASMA SCIENCE, VOL. 33, NO. 6, DECEMBER 2005

state distribution dominated by 2+ at 10 after the arrival time
[32].

Bismuth is another good candidate for HIF because it is the
heaviest nonradioactive metal and it can have a charge state dis-
tribution dominated by 1+ (at low arc current). Furthermore, bis-
muth is isotopically pure and low cost. Recently, Anders et al.
[33] produced a current density of 18 using an aper-
ture diameter of 2 mm. The normalized 4-rms emittance was
0.006 -mm-mrad (measured by the slit-scanner method), cor-
responding to an equivalent beam temperature of 1.76 eV. Since
the beam current and the emittance both increased almost lin-
early with the arc current, the beam brightness decreased with
increasing beam current.

The laser ion source is similar to the MEVVA source in many
ways. Both sources produce a plasma plume that expands over a
drift region before beam extraction. Even the repetition rates and
lifetimes are similar. At up to 100 J per pulse, the laser ion source
can produce very high power density on a
target spot, so the average charge state can be higher than that
produced by the MEVVA source. Laser ion sources have been
used for heavy ion high energy physics accelerators in CERN
and TWAC [34], [35]. The laser ion source can easily produce
a large ion current, but the very wide spread of charge state
distribution is a problem for the induction linac approach to HIF.
Another obstacle for applying laser ion sources to a HIF driver
system is the requirement of multiple-beam geometry; it is not
clear if a single laser can be used to drive several targets by doing
fast switching. So far, not much work has been done to develop
laser ion sources for the induction linac type HIF experiments.

VI. PLASMA ION SOURCES FOR HIF

While the surface ionization source is ideal for large diameter
geometry, the plasma ion source is more suitable for merging a
large number of high intensity beamlets to obtain high current.
The gas discharge ion source discussed below is the multicusp
type. Here we concentrate our discussion on issues related to
HIF application.

In merging beamlets into a large beam, the final emittance
is dominated by emittance growth in the merging process.
Our simulation found that 1–2 eV beam ion temperature was
acceptable [10]. If the accelerator grid transparency is less
than 20%, then the current density of each beamlet must be
near 100 in order for the average current density to
meet HIF requirements. Another important criterion for HIF
ion sources is the level of gas flow. It is important to minimize
the gas flow because significant charge exchange can occur in
the extraction region below a few hundred kiloelectronvolts
where the charge exchange crosssection is highest. Charge
exchange produces ions at less than full energy and therefore
increases the beam’s energy dispersion (equivalent to large
longitudinal emittance).

The conventional multicusp type plasma source is excellent
for producing an array of high current density beamlets. Fur-
thermore, due to the requirement of short beam pulse (less than
20 ), the discharge can be efficiently produced by using RF
power. The most likely candidate for producing heavy ions is
Xenon gas.

Fig. 11. Cutout view of the multicusp source with the embedded RF antenna
(used with permission of G. Westenskow et al., “Characterization of an
RF-driven plasma ion source for heavy ion fusion”Proc. Particle Accel. Conf.
Vol. 5, p. 3300, 2003, © IEEE).

Fig. 12. Argon ion beam current from a 2.5-mm-diameter aperture
under various extraction voltage (used with permission of G. Westenskow
“Characterization of an RF-driven plasma ion source for heavy ion fusion”Proc.
Particle Accel. Conf. Vol. 5, p. 3300, 2003, © IEEE).

In a series of experiments to characterize the properties of
these beamlets, Kwan et al. used a 26-cm inner diameter
25 cm deep chamber driven by a RF antenna at 13 MHz to
create argon plasma [36]–[38]. A cutout view of the ion source
is shown in Fig. 11. Typically, the plasma started at least 500

before turning on the high voltage extraction pulse. The RF
plasma source had good gas efficiency with the argon gas pres-
sure optimized at around 2 mtorr. Fig. 12 shows the current ob-
tained from a 2.5-mm-diameter aperture. Up to 100
(i.e., 4.9 mA per beamlet) was produced using 80-kV extraction
voltage. The normalized 4-rms emittance was 0.0186 -mm-
mrad. From time of flight measurements, the and
fractions was found to increase with RF power. At the power
level that produced high current density, the singly charged frac-
tion was near 90%. The uniformity of current density over a
large extraction area (measured by imaging an array of 61 beam-
lets on a kapton film) was confirmed to be within a few percent.

In the most recent experiment, beamlets were accelerated to
400 kV through a series of electrodes. The maximum voltage
gradient on these electrodes exceeded 100 kV/cm, thus pro-
viding sufficient focusing to transport the 100 beam-
lets. Fig. 13 is a schematic diagram of the accelerator and Fig. 14
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Fig. 13. Schematic diagram of the full-gradient accelerator (reprinted from
Nucl. Instrum. Methods Phys. Res. A, J. W. Kwan, et al., “Ion sources and
injector experiments at the HIF/VNL,” p. 134–141, (2005), with permission of
Elsevier).

Fig. 14. Photograph of an electrode in the full-gradient accelerator showing
the 61-beamlet aperture array (courtesy of LBNL).

shows a photograph of an electrode with the 61-aperture array.
It is interesting to note that the voltages applied to the electrodes
were not monotonically decreasing in order to create the Einzel
lens focusing effect. Further details of the results in this exper-
iment and a subsequent experiment that converge the beamlets
into an ESQ channel will be reported in a future paper [39].

VII. NEGATIVE ION SOURCES FOR HIF

As long as an ion beam can deliver pulsed power to a target,
it can consist of either positive or negative ions. However, nega-
tive ion beams have two advantages. First, for very high current
beams, the beam potential can exceed several kiloelectronvolts.
Such large positive beam potential traps electrons (from beam
ionizing the background gas and secondary electrons from the
beam pipe), leading to instability and emittance growth. This
“electron cloud” problem can be avoided by using negative ion
beams to repel electrons.

Another characteristic of negative ions is that they can be
easily converted into neutral atoms. An intense neutral particle
beam has no space charge and can be focused down to a small
spot. Of course, a significant level of background gas in the
target chamber can strip electrons from the beam ions and there-
fore turn them into high charge state positive ions. Nevertheless,
computer simulations have shown that a negative ion beam may
attain a smaller spot size than a comparable positive ion beam.

The halogen negative ions was proposed by Grisham [40],
[41] for HIF because the halogen atoms have high elec-
tron affinities, at around 3–3.6 eV. The negative ions can be
converted into neutrals via laser photo-detachment. Recent
experiments with chlorine (it was chosen because the substance
is in the gas phase at room temperature) have demonstrated a
negative chlorine ion current density of 45 . The neg-
ative ions were 99.5% pure atomic Cl-, and the electron-to-Cl-
ratio was as low as 7:1 [42]. Such a small ratio of electron/Cl-
suggested that the negative ion density was nearly equal to the
positive ion density in the plasma. Further experiments are in
progress to measure the beam emittance [43].

VIII. CONCLUSION

For heavy ion beam driven inertial fusion, the ion sources
must produce beams of heavy ions with very high current and
high brightness. However, fundamental beam transport physics
limits the simultaneous attainment of high current and high
brightness. Brightness can be achieved by using either high
current density or low emittance, or a combination of both.
When beamlets are merged together to form a high current
beam, the current density of each beamlet must be very high in
order to compensate for the loss of brightness due to emittance
growth.

In the traditional approach, a large area surface ionization
source is used to produce a high current beam (per channel) at
relatively low current density. Even with a large diameter the
emittance can still be low because the ion temperature is low
for surface ionization sources. A recent approach is to merge an
array of beamlets, such that with sufficiently high beamlet cur-
rent density and grid transparency, the average current density
can be adequate. This approach allows many ion source options,
and is not limited to surface ionization sources. In this paper,
we have discussed contact ionization sources, aluminosilicate
sources, metal vapor vacuum arc sources, gas plasma sources,
and negative ion sources for HIF. We are continuing to seek im-
provement on these ion sources in order to meet the challenging
and sometimes evolving HIF requirements.
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